Patterned media elements comprising coupled magnetically hard and soft sections of different horizontal size, referred to as ledge elements, are characterized by several unique properties. These elements allow for remarkably reduced reversal fields, which are an order of magnitude below the Stoner-Wohlfarth limit. They also allow for precessional reversal to occur for practical field rise times ͑100-200 ps͒, which are two orders of magnitude larger than those in the case of homogeneous elements ͑ϳ2 ps͒. These attractive properties are obtained even for elements of small height ͑4-8 nm͒. Patterned media implementing such ledge elements can allow for recording densities above 10 Tbit/ in 2 . © 2008 American Institute of Physics. ͓DOI: 10.1063/1.2831732͔
Magnetic elements are introduced, referred to as ledge elements, which are composed of ferromagnetically coupled magnetically hard and soft sections of different crosssectional size. It is shown that properties of these elements depend significantly on the size/shape of the soft section. Patterned media implementing such elements are estimated to lead to recording densities beyond 10 Tbit/ in 2 . The superparamagnetic effect, which occurs when magnetic elements become too small, is a major limitation in constructing media for high density magnetic recording. One promising solution to overcome this effect is to use patterned magnetic media, which comprise arrays of separated magnetic elements. 1 Patterned media with homogeneous elements have limitations due to strong reversal fields associated with the requirement to use high anisotropy materials for sufficient thermal stability. 2, 3 Exchange coupled composite patterned media were proposed recently to reduce the reversal field while still using high anisotropy materials. [4] [5] [6] [7] However, the reduction of the reversal field in such media is limited by saturation/domain wall phenomena. 8 In addition, for significant reduction of the reversal field, the thickness/ height of the composite elements often is required to be large, which complicates achieving strong recording head fields. Reducing reversal fields substantially below values achievable in conventional composite media could allow for ultrahigh density media that are thermally stable and can use conventional writing systems.
In this letter, we consider elements comprised of two sections, as shown in Fig. 1 . The bottom section is magnetically hard with vertical uniaxial anisotropy of energy K h and size w, t h , and w in the x, y, and z dimensions, respectively. The top section is magnetically soft with vanishing anisotropy ͑K s =0͒ and size L, t s , and w in the x, y, and z dimensions, respectively. The left faces of the hard and soft sections are aligned, whereas the soft section extends by L-w from the right face of the hard section; hence, the notation "ledge element." In these initial studies, both sections have the same damping constant ␣, saturation magnetization M s , and exchange length l ex = ͱ A / M s ͑with A being the exchange constant͒. The sections are coupled ferromagnetically with energy per unit area J s over their common interface. An external magnetic field H ext =−H a erf͑2t / ͒͑ŷ cos + x sin ͒ is applied with an angle to the vertical axis in the x-y plane. Here, erf is the error function, H a is the field magnitude, and is the field rise time. When H a is above a certain reversal field H r , the magnetization state reverses from the ŷ to −ŷ direction.
All results in this letter were obtained numerically by studying solutions of the Landau-Lifshitz-Gilbert equation including the damping and precessional terms and all field components. The ledge elements were discretized into small cells with the cell size chosen to assure sufficient accuracy. 9 The structure parameters were chosen in normalized form as First, consider reversal in the ledge element in Fig. 1 under uniform external fields applied instantaneously ͑i.e., with =0͒ across the entire element. Figure 2 shows the normalized reversal field H r / H K versus the soft section length L / w for different t s / t h and ␣. For all parameters, H r / H K decreases substantially with increasing L / w and t s / t h . For large damping ͑␣ =1͒, the reversal field H r / H K saturates relatively rapidly as L / w and t s / t h increase. The saturation is due to a domain wall in the soft section. It is also worthwhile mentioning that, even for small L, H r / H K is below the theoretical limit for coupled dual-layer structures. 7 The reduction is attributed to effects introduced by magnetostatic fields and finite cross-sectional dimensions of the element. For smaller damping ͑␣ = 0.1͒, the decrease of H r / H K for L / w Ͼ 1 is much more pronounced and the curves exhibit minima. The decrease of H r / H K becomes even more pronounced for yet smaller damping constants ␣. The existence of these minima is associated with highly nonuniform reversal obtained for large t s and L. The minimal values of H r / H K ͑ϳ0.03͒ are more than an order smaller than those for homogeneous elements 3 and about three times smaller than those for conventional composite ͑dual-layer͒ elements ͑i.e., for L / w =1͒. [4] [5] [6] The reduction of H r / H K for small ␣ is associated with the phenomenon of precessional reversal. 7, [10] [11] [12] Under precessional reversal, the system can bypass an energy barrier as long as the energy maximum is below the system energy before the external field is applied, thus, allowing for lower reversal fields. 13, 14 For precessional reversal to occur, three following conditions must be satisfied: the external field is applied at an angle with respect to the anisotropy axis, the damping constant is small, and the rise time is small. When one of these conditions is not satisfied, reversal occurs in the damping regime, where the external field must be stronger to overcome the energy barrier. For example, the reversal field for large is stronger than that for small and this strong field does not depend on the damping constant ␣. As a result, the top three curves in Fig. 2 are valid not only for large ␣ with small , but also for small ␣ with large .
We define a critical rise time crit as the rise time leading to a reversal field H r = H pr + 0.25͑H dr − H pr ͒, where H pr and H dr Ͼ H pr are reversal fields obtained in the precessional and damping regimes, respectively. For Ͻ crit and Ͼ crit , reversal is referred to occurs in the precessional and damping regime, respectively.
Precessional reversal in ledge elements is characterized by several unique properties. One such property is the aforementioned decrease of the reversal field. Another property is a significant increase of crit as compared to the case of homogeneous and composite elements. To demonstrate this increase, Fig. 3 shows crit as a function of L / w for different t s / t h . It is found that as L / w increases, crit exhibits maxima which are much larger than those in the case of homogeneous or composite elements. 11 For example, for t s / t h = 1, the maximal crit is ϳ200 times larger than those in homogeneous elements and it is 25 times large than those in conventional ͑dual-layer͒ composite elements ͑i.e., elements with L = w͒ of the same hard section dimensions.
Such large rise times can allow using practical recording systems in the precessional reversal regime with the associated reversal field reduction even for elements with ultrahigh anisotropy. To demonstrate this fact, consider structures with the hard section having a high anisotropy of H K = 72 kOe. The resulting maximal values of crit are 410, 17, and 2 ps for the ledge, composite, and homogeneous elements, respectively. Rise times on the order of 400 ps for ledge elements can be easily achieved in conventional recording heads, whereas rise times below a few tens of picoseconds for the composite/homogeneous elements are hard or impossible to achieve in practical systems.
To further elucidate reversal mechanisms in the proposed structures ͑Fig. 1͒, reversal is studied for nonuniform external fields. The field is applied uniformly across the width ͑z dimension͒ and through the height ͑y dimension͒, but only over a varying part of the length direction in two cases. In the first ͑"left-covered"͒ case, the field is a constant H ext for x Ͻ x 1 and it decays exponentially for x Ͼ x 1 with a decay length of 0.25w at the e −1 level relative to the maximal field. In the second ͑"right-covered"͒ case, the field is H ext for x Ͼ x 1 and it decays exponentially for x Ͻ x 1 with the same decay rate. Figure 4 t s / t h =1, ␣ = 0.1, = 0, and different L / w. For the ledge element with L / w = 2, it is found that in the right-covered case, H r / H K increases rapidly when x 1 / w Ͼ 1, i.e., when the field does not cover the hard layer at all. On the other hand, when x 1 / w Ͻ 1, even a very small coverage of the hard section is sufficient to lead to a significant reduction of the reversal field. In the left-covered case for x 1 / w Ͻ 1, H r / H K increases rapidly with decreasing x 1 / w. For the same areas of the hard element coverage by the external field, H r / H K is significantly lower in the right-covered case.
The curves for the dual-layer composite element with L / w = 1 clearly exhibit symmetric behavior for the leftcovered and right-covered cases. In the left-covered case, the increase rate of H r with decreasing x 1 is substantially larger for the ledge element ͑L / w =2͒ than for the conventional composite element ͑L / w =1͒. Such rapid increase of H r / H K and asymmetry are important in terms of write margins in applications involving patterned magnetic media. A ledge element can be switched with a weak field under a uniform head field. However, the same element requires a much stronger field for non-uniform head fields. This behavior can reduce down-track errors. 15 Similar behavior is obtained for large and ␣.
We also studied H r and crit for different J s and . Optimal values of J s leading to small H r could be found 16 and well pronounced maxima in crit were obtained. 11 The minimal reversal fields were found to be below the level of H r / H K = 0.05, which is much lower than the values obtained in composite and homogeneous elements. For large , H r / H K was found to increase with increasing , whereas for small ͑subcritical͒ , H r / H K was found to exhibit deep minima around 45°. Similar behavior is obtained when the soft section is shifted horizontally with respect to its position in Fig.  1 . Similar behavior was also obtained for larger ratios H r / M s but phenomena of nonuniform reversal were more pronounced and normalized crit were larger.
The proposed ledge structures can be used to construct patterned media for high-density magnetic recording. A condition leading to thermally stable recording can be estimated based on the Neel-Arrhenius approach 17 as ͑K h V͒ / ͑k B T͒ Ͼ 50, where V = w 3 / 2 is the hard section volume, T is the temperature, k B is the Boltzmann constant, and the factor 50 is chosen to lead to sufficiently a long relaxation time. Assuming that a patterned medium comprises a rectangular array of the ledge elements with the pitch in the x and z dimensions d x and d z , respectively, the areal density is ͑d x d z ͒ −1 . Based on the results in Figs. 2-4 , designs of media for densities from 1 Tbit/ in 2 to more than 10 Tbit/ in 2 can be suggested. For recording with density slightly above 1 Tbit/ in 2 , the structure with w = 12 nm, d x = d z =2w = 24 nm, M s = 625 emu/ cc, H K = 30 kOe, L = 1.9w = 22.8 nm, and t s = t h = w / 2 = 6 nm satisfies the above thermal stability criterion for any realistic temperature. From Fig. 2 , the reversal field can be H r = 4 kOe with critical rise time crit Ϸ 250 ps. For recording at a density slightly above 10 Tbit/ in 2 , a medium with w = 4.2 nm, d x =2w = 8.4 nm, d z = 1.6w = 6.72 nm, M s = 1500 emu/ cc, H K = 72 kOe, L = 1.9w = 7.98 nm, and t s = t h = w / 2 = 2.1 nm satisfies the thermal stability criterion for T = 300 K. The reversal field and critical rise time are H r = 9.7 kOe and crit Ϸ 102 ps, respectively. For the same structure parameters, crit increases to about 170 ps for J s / ͑2K h t h ͒ = 0.1 at a cost of a slightly increased reversal field.
Such recording fields and rise times can be obtained in practical recording systems. Note also that these designs are based on elements of small height. Therefore, recording heads with a small head-underlayer gap can be used, thus, allowing for strong magnetic field. Even higher recording densities with sufficient thermal stability can be achieved with elements having larger H K in the hard section.
Using homogeneous or composite elements for such ultrahigh densities would be much more challenging. For example, for 10 Tbit/ in 2 and the same element dimensions, H r would be on the order of 36 and 24 kOe with crit of 2 and 17 ps, respectively. Such fields and rise times are hard/ impossible to achieve in practical recording systems.
In conclusion, we have studied ledge magnetic elements that comprise ferromagnetically coupled sections of hard and soft material of different cross-sectional size. Due to the larger horizontal extension of the soft section, the ledge elements are characterized by several unique properties as compared to homogeneous and conventional composite elements. The ledge elements allow for extremely low reversal fields even when materials with ultrahigh anisotropy are used. These elements also allow for practical field rise times required for precessional reversal to occur. In addition, the ledge elements lead to strong asymmetry in their reversal behavior under nonuniform applied fields. All these properties are obtained even when the elements have a low thickness/height, a feature allowing using recording heads having small head-underlayer gaps with associated strong magnetic fields. Arrays of the suggested elements can be used to construct media for ultra-high density recording. Particular designs for media with densities from 1 Tbit/ in 2 to more than 10 Tbit/ in 2 were demonstrated. These structures can also be used in magnetic random access memory devices.
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